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Abstract

Lung squamous cell carcinoma (SqCC) is a molecularly com-
plex and genomically unstable disease. No targeted therapy is
currently approved for lung SqCC, although potential oncogenic
drivers of SqCC have been identified, including amplification of
the fibroblast growth factor receptor 1 (FGFR1). Reports from a
recently completed clinical trial indicate low response rates in
patients treated with FGFR tyrosine kinase inhibitors, suggesting
inadequacy of FGFR1 amplification as a biomarker of response, or
the need for combination treatment. We aimed to develop accu-
rate models of lung SqCC and determine improved targeted
therapies for these tumors. We show that detection of FGFR1
mRNA by RNA in situ hybridization is a better predictor of
response to FGFR inhibition than FGFR1 gene amplification using

clinically relevant patient-derived xenograft (PDX)models of lung
SqCC. FGFR1-overexpressing tumors were observed in all histo-
logic subtypes of non–small cell lung cancers (NSCLC) as assessed
on a tissue microarray, indicating a broader range of tumors that
may respond to FGFR inhibitors. In FGFR1-overexpressing PDX
tumors, we observed increased differentiation and reduced pro-
liferation following FGFR inhibition. Combination therapy with
cisplatin was able to increase tumor cell death, and dramatically
prolonged animal survival compared to single-agent treatment.
Our data suggest that FGFR tyrosine kinase inhibitors can benefit
NSCLC patients with FGFR1-overexpressing tumors and provides
a rationale for clinical trials combining cisplatin with FGFR
inhibitors. Mol Cancer Ther; 16(8); 1610–22. �2017 AACR.

Introduction
Chemotherapy, radiotherapy, or surgery are the primary treat-

ment strategies for non-small cell lung cancer (NSCLC), yet 5-year

survival rates are still among the lowest when compared with
other malignancies (1). Squamous cell carcinoma (SqCC), the
second most common histopathologic subtype after adenocarci-
noma (ADC), has a poor outcome with a 5-year survival rate of
14% (2). Driver mutations in lung ADC have been known for a
number of years and have led to the successful development of
targeted therapies for this subtype of cancer. Effective ADC treat-
ment with EGFR inhibitors or anaplastic lymphoma kinase (ALK)
inhibitors has relied on the specific stratification of patients based
on the molecular characteristics of their tumors—mutations in
EGFR predict patient response to EGFR inhibitors as do rearran-
gements in ALK for ALK inhibition (3, 4). In SqCC, although
potential candidate driver mutations have been described, these
have not yet translated to approved targeted therapies, likely due
to an inability to accurately identify patients whomay respond to
these treatments.

Recent reports of somatic alterations in FGFRs in SqCC have
generated great interest in the use of FGFR inhibitors in the clinic
(5, 6). Although the FGFR1 8p12 locus is amplified in 20%of lung
SqCC (7), FGFR1 carcinogenic pointmutations and FGFR1 fusion
genes are rare (8, 9). Aberrations in FGFR2–4 occur at low
frequency, and only recently have driver mutations in FGFR3
(S249C) and FGFR3–TACC3 gene fusions been described in 7.4%
of lung squamous cell carcinomas (10, 11). Results from phase I
trials using the FGFR1-3 inhibitor BGJ398 showed a response rate
of only 11% and a disease control rate of 50% in patients selected
for FGFR1-amplified tumors (12). Mechanisms of primary resis-
tance are still unclear and may be due to the inadequate selection

1ACRF Stem Cells and Cancer Division, The Walter and Eliza Hall Institute of
Medical Research, Parkville, Victoria, Australia. 2Department of Medical Biology,
The University of Melbourne, Parkville, Victoria, Australia. 3Research Division,
Peter MacCallum Cancer Centre, Parkville, Victoria, Australia. 4Chemical Biology
Division, The Walter and Eliza Hall Institute of Medical Research, Parkville,
Victoria, Australia. 5Sir Peter MacCallum Department of Medical Oncology, The
University of Melbourne, Parkville, Victoria, Australia. 6Department of Surgery,
The University of Melbourne, Parkville, Victoria, Australia. 7Department of
Surgery, The University of Melbourne, Parkville, Victoria, Australia. 8Department
of Medicine, The University of Melbourne, Parkville, Victoria, Australia. 9Depart-
ment of Respiratory Medicine, Royal Melbourne Hospital, The University of
Melbourne, Parkville, Victoria, Australia. 10Department of Surgery, St Vincent's
Hospital, TheUniversity ofMelbourne, Parkville, Victoria, Australia. 11Department
of Anatomical Pathology, St Vincent's Hospital, The University of Melbourne,
Parkville, Victoria, Australia. 12Molecular Medicine Division, TheWalter and Eliza
Hall Institute of Medical Research, Parkville, Victoria, Australia. 13School of
Mathematics and Statistics, The University of Melbourne, Parkville, Victoria
Australia.

Note: Supplementary data for this article are available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

Corresponding Author: Marie-Liesse Asselin-Labat, The Walter and Eliza Hall
Institute ofMedical Research, 1GRoyal Parade, Parkville, Victoria 3052, Australia.
Phone: 613-9345-2939; Fax: 613-9347-0852; E-mail: labat@wehi.edu.au

doi: 10.1158/1535-7163.MCT-17-0174

�2017 American Association for Cancer Research.

Molecular
Cancer
Therapeutics

Mol Cancer Ther; 16(8) August 20171610

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/8/1610/1854643/1610.pdf by guest on 19 M
ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/1535-7163.MCT-17-0174&domain=pdf&date_stamp=2017-7-11


of patients based on FGFR1 amplification, where levels of expres-
sion of FGFR1 and its ligands do not always correlate with gene
amplification (6, 13, 14). FGFR1mayalso not be theonly driver of
tumor growth in these carcinomas, requiring combination of
FGFR inhibitors with other therapeutic approaches.

In this study, we aimed to identify new biomarkers that better
predict response to FGFR-targeted therapy and determine which
combination treatment may improve clinical outcomes for
patients with FGFR1-altered SqCC. Use of preclinical models that
reflect the complexity of patient tumors are necessary to evaluate
novel therapies and to identify biomarkers that will predict drug
efficacy. Cell lines are commonly used to test novel therapeutics,
but do not often accurately model clinical samples, nor do
they correlate with drug sensitivity in clinical trials (15, 16).
Patient-derived xenografts (PDX) are generated from the direct
engraftment of resected patient tumor samples into immuno-
compromised mice. These models have been successfully estab-
lished for solid tumors, including breast, melanoma, prostate,
and pancreatic cancers and have been shown to recapitulate the
phenotype, molecular profile, and therapeutic response of the
patient's tumors (17–19). PDXs therefore constitute a highly
clinically relevant system to study human solid tumors, even
more specifically in lung cancer where whole genome sequencing
analyses have revealed the complex heterogeneity and high fre-
quency of genetic alterations in lung SqCC (20–23).

We generated a bank of PDXmodels of lung cancer and showed
that PDXs recapitulated the phenotype of the patient's tumor and
conserved transcriptomic and genomic characteristics, including
high mutagenic burdens and copy number alterations. SqCC
PDXs were then used to evaluate response to BGJ398, an FGFR
inhibitor (24), as single agent or in combination with targeted
therapy and standard chemotherapy.Our results show that FGFR1
RNA expression is a better predictor of response to FGFR targeted
therapy compared with FGFR1 gene amplification and that cis-
platin potentiates the response to FGFR inhibitors in FGFR1-
overexpressing tumors.

Materials and Methods
Human tumor collection and transplantation

Written informed consent was obtained from all patients by
the Victorian Cancer BioBank prior to inclusion in the study,
according to protocols approved by the Human Research Ethics
Committee of the Walter and Eliza Hall Institute of Medical
Research (WEHI; approval #10/04). Human lung tumors from
surgical resections (ADC, SqCC, and other NSCLC) were
either transplanted immediately or held intact for a maximum
of 48 hours at 4�C in DMEM/F12 media (Gibco), supplemented
with 1 mg/mL of penicillin and streptomycin (Invitrogen).
Tumors were implanted subcutaneously into the flanks of
NOD.SCIDprkdcIl2rg�/� (NSG) mice. Human lung tumors from
endobronchial ultrasound (EBUS) biopsy specimens (ADC,
SqCC) were collected in PBS and spun at 335 RCF for 5 minutes
at 4�C. Samples were resuspended in 50 to 150 mL of PBS,
depending on the size of the biopsy specimen and an equal
volume of Matrigel (BD Biosciences) was added. Biopsy speci-
mens were then transplanted into NSG. Mice were put on anti-
biotics for 7 days postsurgery (Baytril, Bayer) before twice weekly
monitoring for tumor development. NSG mice (8–12 weeks old
males) were bred at the WEHI breeding facility. Mice were main-
tained in our animal facilities according to institutional guide-

lines. All animal experiments were approved by theWEHI Animal
Ethics Committee (approval #2013.028). Mice were culled at
ethical endpoint (tumor volume of 600 mm3 as calculated by
width� length2/2) or if 1 year had passed with no tumor growth.

PDX tumor cell preparation
PDX tumor samples were minced then digested for 1 hour at

37 �C with 2 mg/mL collagenase (Worthington) in 0.2 % D-
glucose (Sigma) in DPBS (Gibco). The cell suspension was
strained through a 100-mm cell strainer and washed with 2%
FCS-PBS, followed by red blood cell lysis to obtain a single cell
suspension. Tumor cells were either processed immediately for in
vitro assays or frozen in a 1:9DMSO (Sigma Aldrich): FCS (Gibco)
mix. Cells were stored in liquid nitrogen.

PDX tumor sphere in vitro assays
Freshly isolated single-cell tumor suspensions were resus-

pended in DMEM/F12 (Gibco) supplemented with 1 mg/mL
penicillin/streptomycin (Invitrogen), B27 (Gibco), 4 mg/mL hep-
arin (Sigma Aldrich), 100 ng/mL EGF (Sigma Aldrich), insulin–
transferrin–selenium (Gibco), 0.4% BSA (Sigma Aldrich), and 10
ng/mL basic FGF2 (R&D Systems), hereafter referred to as tumor
media. Serum-free conditionswere used to promote tumor sphere
formation. Cells were plated at a density of 20,000 cells perwell in
96-well lowattachment plates (Corning). Cellswere left to recover
for a minimum of 1 hour, and then drugs added at the following
concentrations: BGJ398 1 mmol/L (Active Biochemicals) or cis-
platin 5 mmol/L (Hospira). Cells were grown for 72 hours at 37�C
in 5% CO2 and 5% O2 before cell viability was assessed by the
MTS assay according to manufacturer's instructions (Promega).

PDX in vivo assays
PDXs at passage 4 were defrosted and washed with PBS

before counting. 200,000 to 500,000 cells were then injected
in a 50:50 PBS:matrigel mix into the flanks of NSG mice.
Tumors were measured twice weekly and treatment started
when tumors were between 70 and 120 mm3. Mice were
assigned to treatment groups based on average tumor volume
per group. Mice were culled either 48 hours after treatment start
for short term signaling experiments or when tumors reached a
volume of 600 mm3 for long-term survival studies. Tumors
were collected and pieces were either fixed in 10% formalin for
histologic analyses or snap frozen for protein analyses. Mice
were treated with either 30 mg/kg BGJ398 (Active Biochem-
icals) by oral gavage 5 consecutive days a week for 5 weeks or
vehicle (33% PEG300, 5% dextrose); alone or in combination
with 4 mg/kg cisplatin by intraperitoneal injection once every
3 weeks (Hospira) or vehicle (PBS); or with 15 mg/kg PKI-587
(synthesized by WEHI chemists) intravenously once weekly for
5 weeks or vehicle (10% DMSO, 5% dextrose pH 3.5).

Immunostaining
Samples were fixed in formalin for 24 hours at room temper-

ature then paraffin embedded. Slides were dewaxed using stan-
dard histology protocols. Antigen retrieval was performed using
citrate buffer (10 mmol/L, pH 6) or high pH antigen retrieval
solution (Vector). Sections were blocked in 10% goat serum,
incubated with antibodies overnight at 4�C followed by HRP-
conjugated secondary antibodies (Vector). Antibodies used
were Ki67 (B56, BD Pharmingen), cleaved caspase-3 Asp175
(CC3, polyclonal, Cell Signaling Technology) TTF-1 (SPT24,
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Novocastra), or p63 (DAK-p63, Dako). For quantification of the
Ki67 and CC3 immunostaining, treatment groups were first
blinded. Ki67 positive or CC3 positive cells were counted in three
different fields of view.

Fluorescence in situ hybridization
Formalin-fixed paraffin-embedded (FFPE) sections were baked

at 60�C for 30 minutes then dewaxed. Slides were then placed in
heat pretreatment solution (Invitrogen) for antigen retrieval
(125�C, 17 psi for 2.5 minutes) and washed with water. Slides
were digested with enzyme pretreatment reagent (Invitrogen) for
15 minutes at 3�C, washed and dehydrated with graded ethanol
before air drying. FGFR1, CCND1, CEP11, and CEP8 probes
(Abnova) were applied to the sections, denatured for 5 minutes
at 80�C and allowed to hybridize overnight at 37�C under humid
conditions in a ThermobriteHybridiser (Vysis). Slides were rinsed
in stringent buffer (Invitrogen), then placed in stringent buffer at
75�C for 5minutes before washing in water. Slides weremounted
in Vectashield with DAPI (Vector). Slides were imaged using an
Olympus BX51fluorescencemicroscope. Tumorswere designated
as FGFR1 or CCND1 amplified if�50% of cells had�5 FGFR1 or
CCND1 signals or if the ratio of FGFR1 signal to CEP8 signal, or
CCND1 signal to CEP11 signal was >2.

FGFR1 RNA in situ hybridization
RNA in situ hybridization (RNA ISH) was performed on FFPE

sections using an RNAscope Assay with FGFR1-specific probes
(Advanced Cell Diagnostics) according to the manufacturer's
instructions. FGFR1 RNAhi samples were determined if the num-
ber of FGFR1 probe signals was greater than positive control
probe signals.

Western blotting
Fresh tumors were snap-frozen and crushed in liquid nitrogen.

Tissue was then lysed in KalbC buffer (1%Triton X-100, 50 nmol/
L Tris, pH 7.5, 1 mmol/L EDTA, 150 mmol/L NaCl, 1 mmol/L
NaV, 2 mmol/L NaF, Roche complete mini protease inhibitor
cocktail, Roche PhosSTOP phosphatase inhibitor cocktail). Pro-
tein concentration was quantified using the Pierce BCA Protein
Assay Kit (Thermo Scientific). Protein samples were then run on
10%Bis-Tris gels (Invitrogen) in 2-N-morpholino ethanesulfonic
acid buffer (Invitrogen) and transferred onto PVDF membranes
(Immobilon) in transfer buffer (20% methanol, 2.42 g/L Tris
base, 11.26 g/L glycine). Membranes were blocked in 10% milk
(Devondale) in 0.1% Tween20 PBS solution for 1 hour at room
temperature. Primary antibodies were incubated overnight at 4�C
in milk solution—phosphoAKT Ser473 (M89-61, BD Pharmin-
gen), AKT (polyclonal, Cell Signaling Technology), b-actin (AC-
15, Sigma), c-myc (D84C12, Cell Signaling Technology), phos-
phoERK Thr202/Tyr202 (polyclonal, Cell Signaling Technology),
ERK (polyclonal, Cell Signaling Technology), or PTEN (138G6,
Cell Signaling Technology). Secondary conjugated antibodies
(Southern Biotech) were incubated for 1 hour at room temper-
ature before developing (Amersham).

Molecular characterization of somatic alterations
Copy number profiling was performed using HumanOmniEx-

press-24 microarray (Illumina) and normalized using GenomeS-
tudio at Australian Genome Research facility. LogR and B allele
frequency values from GenomeStudio were used as input for

OncoSNP (25) to perform copynumber calling. RNA-seq libraries
were prepared from total RNAusing TruSeq v2mRNA stranded kit
(Illumina) and sequenced as 75 bp paired-end reads. Reads were
aligned to human and mouse reference genomes using subjunc
(26) and reads that had better mapping to the mouse genome
were removed. Differential expression analysis was performed
using limma-voomworkflow (27) and gene ontology (GO) terms
enrichment analysis was performed using goana function in
BioConductor. Whole exome sequencing libraries were prepared
using Nextera Rapid Capture Exome Kit (Illumina) with the
standard capture region and sequenced as 80 bppaired-end reads.
Readswere aligned tohumanandmouse reference genomes using
BWA-mem (28) andmouse reads were removed using Xenomap-
per tool (29). Preliminary variant calling was performed using
VarScan (30) with liberal settings. Variant filtering, analysis and
visualizations were carried out using superFreq pipeline (https://
github.com/ChristofferFlensburg/superFreq). RNA-seq data from
the Cancer Genome Atlas (TCGA) samples were downloaded
from (GEO, accession number GSE62944; ref. 31). For detailed
description of protocols and analyses used, refer to supplemen-
tary methods. RNAseq, ExomeSeq and SNP array data have been
deposited at the European Genome-phenome Archive (EGA,
http://www.ebi.ac.uk/ega/), which is hosted at the EBI (European
Bioinformatics Institute), under accession number EGA
#EGAS00001002423. In the interest of reproducibility and to
facilitate access to nonsensitive data for the rest of scientific
community, we have deposited non-identifiable summary
data, as well as analysis scripts, in the following repository:
https://github.com/ophiothrix/PDX-genomics.

Statistical analysis
Data represent mean � SEM. Student t tests were performed

usingGraphPadPrism software and applied to each experiment as
described in the figure legends. A P value less than 0.05 was
considered significant. To determine significance in Kaplan–
Meier survival analyses, the Mantel–Cox test was used. �, P <
0.05; ��, P < 0.01; ���, P < 0.001.

Results
NSCLC successfully engraft to generate PDX models

To develop a bank of clinically relevant models of NSCLC that
reflect the complexity of patients' tumors, we generated PDX
models. Tumors from surgically resected specimens of NSCLC
(stage I and II; t0) were implanted subcutaneously in immuno-
compromisedmice and the animalsmonitored for tumor growth.
A total of 121 NSCLC were xenografted. Tumor take rate was
highest for SqCC (42 samples, take rate 52.3%), followedby other
NSCLC (including adenosquamous carcinoma and large cell
carcinoma, 27 samples, 37%) then ADC (78 samples, take rate
15.4%)with amedian latency for successful grafts to reach ethical
endpoint of 155, 140, and 259 days, respectively (Supplementary
Fig. S1A and Supplementary Table S1).

Tumor biopsies collected by EBUS-guided biopsies (ref. 32;
stages II and IV) from metastatic lymph nodes displayed higher
engraftment rates compared to surgery specimens in ADCs
(15.4% vs. 44.4%; Supplementary Fig. S1B), whereas no signif-
icant differences were observed in engraftment rates between
surgery and biopsy specimens in SqCC (52.3% vs. 33.3%; Sup-
plementary Fig. S1C). PDXs from both surgery and biopsy
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specimens recapitulated the patient's tumor by histologic analysis
(Supplementary Fig. S1D).

Given that FGFR1 amplification is mostly detected in SqCC,
we focused our study on this subtype of lung cancer. Once the
first grafted tumor (t1) reached ethical endpoint size, the graft
was subsequently transplanted in mice to monitor the mainte-
nance of the characteristics of the patient's tumor up to five
passages (t5; Fig. 1A). Latency for SqCC tumor growth was
reduced after the first passage from 112 to 71 days by the third
passage, but wasmaintained thereafter over subsequent passages
(Fig. 1B). Histologic analysis of the grafted tumors showed that
the xenografts maintained the phenotype of the patient's tumor
after at least four passages (Fig. 1C). Immunohistochemical
analysis of clinical markers of lung cancer subtypes showed that
SqCC xenografts expressed p63 but did not express the ADC
marker TTF-1, and matched the corresponding patient's tumor
(Fig. 1C). Overall, these data establish that our NSCLC PDXs
encompass diverse histologic subtypes and disease stages and

ultimately recapitulate the phenotypic characteristics of the
patient's tumor. SqCC PDXs derived from surgical specimens
engraft more readily than other subtypes of NSCLC and are
amenable to expansion in mice.

Lung SqCC PDXs recapitulate the molecular genotype of
patient tumors

To further investigate whether the molecular characteristics of
the patient's tumor were conserved in PDXs, we compared the
transcriptome, gene copy number (GCN), and exome of three
different patients and their corresponding PDXs (Supplementary
Fig. S2A). To evaluate differences that could occur from xeno-
transplantation and to determine if the molecular characteristics
of the patients' tumors were maintained in the samples used for
drug studies, we focused our sequencing effort on comparing t0
(patient tumor), t1 (first passage), and t4 (passage used for drug
studies). RNA sequencing showed that the three patient tumors,
termed 926, 788, and 792, were molecularly distinct and that the

Figure 1.

Human SqCC tumor samples can be
passaged in mice and phenocopy the
primary tumor. A, Schematic
representing the passaging strategy
and nomenclature for SqCC patient-
derived xenografts. B, Kaplan–Meier
analysis showing survival of mice
transplanted with SqCC PDXs from
successive passages. n ¼ indicated
number of patient samples, significance
determined by Mantel–Cox test, ��P <
0.01, ���P < 0.001. C, IHC staining for
p63, a marker of SqCC, and TTF-1, a
marker of ADC, for a representative
SqCC patient tumor (926) and
corresponding PDXs. Scale bar,
500 mm.
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PDXs clustered with their corresponding primary tumor (Fig. 2A
and Supplementary Fig. S2B). In the top differentially expressed
(DE) genes for each patient, upregulated and downregulated
genes between t0 and t1 PDXs were conserved after multiple
passages in mice, indicating a robust conservation of gene expres-
sion between patient tumors and all passages of PDXs (Fig. 2A).
Although all PDXs from one patient clustered very tightly togeth-
er, the patient's tumors were slightly removed from the PDXs for
all three patients (Fig. 2A and Supplementary Fig. S2B). The
consistency of this effect across patients suggests that common
processes were affected after transplantation of the human tumor
into mice, consistent with previous reports (33). Analysis of the
DE genes between t1 and t0 across patients demonstrated a large
overlap where for each patient, over 50% of DE genes were also
detected in at least one other patient (Fig. 2B). GO terms enrich-
ment analysis of the 132 overlapping DE genes between all
patients showed a strong enrichment for GO terms related to
immune response (Supplementary Fig. S2C; Supplementary
Table S2). This is consistent with purification of the tumor cells
during transplantation as human blood and stromal cells are no
longer present in the PDXs. We detected only two DE genes
between t4 and t1 tumors in PDX 926, whereas there were no
DE genes in other PDXs, suggesting that the expression profile of
PDXs remains stable after they have been established in the
mouse. Comparison of the transcriptome of our PDXs with the
transcriptome of 541 ADCs, 502 squamous cell carcinomas and
110 normal lung samples obtained from the TCGA consortium
showed that the gene expression profiles of our SqCC primary
tumors and PDXs were consistent with lung SqCC transcriptomes
(Supplementary Fig. S2D).

To evaluate copy number changes in our PDX cohort, we
performed SNP array genotyping. All our samples displayed high
levels of genomic instability with virtually no heterozygous dip-
loid regions remaining (Fig. 2C). Notably, despite the high
genomic instability of the primary tumors, the copy number
profile remained largely conserved across passages where regions
of focal gene amplification or loss were maintained in PDXs
compared with the patient's tumor (Fig. 2C). Our PDXs had an
average of 74.5%of their genome altered, which is consistent with
high levels of genome alteration detected in the TCGA cohort (Fig.
2D). These data demonstrate our PDXs retain high levels of
genetic instability, a key characteristic of lung SqCC.

Finally, exome sequencing was performed to evaluate somatic
mutations in patient's tumors and PDXs. We observed a high
consistency in the somatic variant allele frequency (VAF) between
the primary tumor and the corresponding PDX after four passages
(Fig. 2E) that remained highly conserved in independent t4
passages or after consecutive passages (Fig. 2F). For patient
788, for which we had matched normal DNA, we detected 474

somatic mutations in the primary tumor and �550 somatic
mutations in each of two PDX at passage t4. Some de novo
mutations were detected at relatively low VAF in PDX788 t4 (Fig.
2E, 16 and 25 de novo mutations for each of the two 788 PDXs).
The limited number of de novo somaticmutations with VAF > 50%
(2 for eachPDXwhen comparedwith theprimary tumor) suggests
conservation of the mutational landscape between the primary
tumor and corresponding PDXs. More specifically, point muta-
tions present at high VAF in TP53 in the patient's tumors (VAF >
10%) were always preserved in the corresponding PDXs with no
additional mutations present (Supplementary Table S3). An extra
TP53mutation was detected at low VAF (less than 10%) in p792
(T155P) and p926 (K24N) primary tumors. These were subse-
quently eliminated in PDXs (Supplementary Table S3). We also
observed a high correlation of VAF for germline variants (Fig. 2E
and F), further suggesting conservation of copy number profiles
between the primary tumor and PDXs.

These results indicate that PDXs recapitulate the molecular
characteristics of the patient's tumor and that limited genetic drift
is observed after passaging of lung SqCC PDXs in mice.

FGFR1 RNA expression in tumor predicts response to FGFR
inhibitors

Given that FGFR1 amplification has been described in 20% of
lung SqCC (7), we performed FISH to determine FGFR1 ampli-
fication status in 36 SqCC PDXs. Results showed that 17% of our
PDXs (6/36) have an FGFR1 amplification (Fig. 3A), consistent
with data observed from a larger cohort (7). FISH and SNP array
analysis further showed that FGFR1 amplificationwasmaintained
across passages in FGFR1-amplified tumors (Supplementary Fig.
S3A and Supplementary Table S4). FGFR1 amplification is the
molecular test currently utilized to recruit patients to clinical trials
with FGFR inhibitors (5, 12). We therefore assessed response to
FGFR inhibition therapy in two FGFR1amp (406 and 788) and two
FGFR1WT PDXs (792 and 926; Fig. 3B). Treatment of tumor-
bearing mice with the pan-FGFR inhibitor BGJ398 showed a
reduction in tumor growth in PDX 788 (FGFR1amp), whereas
FGFR1WT PDX 792 did not respond to therapy (Fig. 3B). Surpris-
ingly, there was no response in PDX 406 (FGFR1amp), whereas
robust inhibition of tumor growth occurred in PDX 926
(FGFR1WT; Fig. 3B). These data suggest that FGFR1 amplification
is not an accurate predictor for a patient's response to FGFR
inhibitor (FGFRi) therapy.

MYC overexpression and amplification of the 11q13 locus that
contains Cyclin D1 (CCND1) have been proposed as biomarkers
predictive of response to FGFR inhibition in FGFR1amp tumors
(14). In our FGFRamp tumors, FGFRi-sensitive (PDX 788) and
FGFRi-resistant (PDX 406) PDXs expressed comparable levels of
MYC, indicating that MYC is not a consistent marker to predict

Figure 2.
Genetic alterations in patient tumors are conserved in SqCC patient-derived xenografts. A, Unsupervised hierarchical clustering of the top 1000 most variable
genes revealed high consistency of expression profiles between PDXs (passage t1–t6) and the corresponding primary tumor (t0, from patients 788, 792, or 926).
B, Venn diagram depicting numbers of DE genes between patient tumors (t0) and corresponding PDXs (t1s) for patients 788, 792, and 926. C,Genome-widemap of
copy-number alterations for three SqCC patients and corresponding PDXs. Red indicates amplification and blue indicates deletion according to scale of copy
numbers. D, The proportion of the genome altered for primary tumors and corresponding PDXs (926, n ¼ 6; 788, n ¼ 9; 792, n ¼ 8) compared with TCGA SqCC
cohort (n ¼ 502). E, Scatter plot of VAF for somatic (dots) and germline (crosses) variants between passage 4 PDX and primary tumor from patient 788.
F, Scatter plot of VAF for somatic (dots) andgermline (crosses) allele frequencies between two independent PDXpassages 4 frompatient 788 (left) or PDX passages
6 and 4 from patient 926 (right). Variants that are present at statistically different VAF between the samples are marked in red. Orange circles indicate
protein altering variants and green circles indicate variants found in COSMIC database. The size of the dot or a cross is proportional to the sequencing coverage
at the variant locus.
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Figure 3.

FGFR1 RNA overexpression is a predictor of response to FGFR inhibition. A, Representative images of FGFR1 FISH in SqCC PDXs t1s (PDX 788, 406, and 926)
and t0 (PDX 792). Red and green fluorescent signals indicate FGFR1 and control chromosome 8 (CEP8) probes, respectively. PDXs 792 and 926 show
nonamplified signals, whereas 406 and 788 demonstrate gene amplification. B, In vivo response of SqCC PDXs to the FGFR inhibitor BGJ398 (30mg/kg oral gavage
every day for 20 days). Data represent mean � SEM, n ¼ 6 mice per treatment. Significance determined by Student t test; � , P < 0.05; �� , P < 0.01. C, Western
blot detecting expression levels of downstream effectors of FGFR signaling (AKT, ERK) and c-myc. Actin serves as the loading control. Untreated PDXs at the
t3 to t5 passage number have been used. D, Analysis of FGFR1 RNA expression by RNA ISH, representative images from 4 SqCC PDXs t1s shown.
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response to FGFR inhibition (Fig. 3C). FISH for CCND1 showed
amplification of the gene in all PDXs 788, 926, and406, regardless
of their sensitivity to FGFRi (Supplementary Fig. S3B), indicating
that CCND1 amplification also does not predict response to
therapy. In addition, Western blot analysis of downstream effec-
tors of FGFR signaling, phospho-ERK1/2 and phospho-AKT, did
not show any correlation between level of expression of these
proteins and response to therapy (Fig. 3C), indicating that acti-
vation of these pathways is not a predictor of response to BGJ398.

Given the paucity of antibodies to evaluate FGFR1 protein
expression on clinical samples, we assessed whether levels of
FGFR1 RNA expression, as detected by RNA-ISH, may be corre-
lated with sensitivity to FGFR inhibitors. FGFRi-sensitive PDX
926, an FGFR1WT tumor, was found to express high levels of
FGFR1 RNA by RNA-ISH (named FGFR1þþþ from now), whereas
FGFR1amp, FGFRi-resistant PDX406 expressed low levels of FGFR1
RNA (Fig. 3D). RNA-ISH results were further confirmed by RT-
qPCR in these four PDXs (Supplementary Fig. S3C). These results
indicate that FGFR1 RNA expression is a better predictor of
response to FGFR inhibition compared to FGFR1 amplification.

To evaluate the frequency of high FGFR1 RNA expression in
NSCLC, we performed RNA-ISH on a NSCLC tissue microarray
(TMA) containing 26 ADC, 32 SqCC, 4 adeno-squamous, and 4
large cell carcinomas according to the WHO classification of lung
cancer (Supplementary Table S5). Of the 32 SqCCs tested, 8/24
FGFR1WT tumors (33%) were found to have high FGFR1 RNA
expression, whereas 3/8 (38%) FGFR1amp tumors did not have
FGFR1 RNA expression (Supplementary Table S6). Similar results
were observed in our cohort of SqCC PDXs (Supplementary Table
S7). Further examples of FGFR1WT tumors expressing high levels
of FGFR1 RNA, or FGFR1amp tumors expressing low levels of
FGFR1 RNA were identified in TCGA cohort of 503 SqCC tumors
(Supplementary Fig. S3D). Interestingly, we found that other
histologic subtypes of NSCLC also expressed high levels of FGFR1
RNA, although they did not demonstrate FGFR1 amplification
(Supplementary Table S5). Analysis of patient survival data
showed that there was no significant correlation between high
FGFR1 RNA expression and overall survival or disease-free sur-
vival (Supplementary Fig. S4A and S4B).

These data suggest that selecting patients for FGFR inhibitor
therapy based solely on FGFR1 amplification by FISH is not an
accurate predictive marker for response to treatment. FGFR1 RNA
expression appears to be amore valid approach to recruit patients
that are likely to benefit from this therapeutic approach and may
allow for patients with diverse histologic subtypes of lung cancer
to receive effective FGFR-targeted therapy.

PI3K/FGFR combination treatment improves survival in some
FGFR inhibitor-sensitive tumors

Our in vivo drug studies showed that BGJ398 treatment resulted
in stabilization of the disease but did not reduce tumor burden
(Fig. 3B). Histologic analysis of the tumor sections revealed an
increase in tumor cell differentiation after BGJ398 treatment in
inhibitor-sensitive PDXs 788 and 926, as evidenced by the
increased presence of keratin pearls, and a significant reduction
in tumor cell proliferation (Fig. 4A and B). Amoderate increase in
apoptosis was only observed in PDX 788 as detected by CC3
immunostaining (Fig. 4A and B). These results suggest that FGFR
inhibition decreases cell proliferation and enhances differentia-
tion, resulting in slower tumor growth, while only inducing a
modest increase in cell death.

Downstreamsignalingof FGFRoccurs throughboth theMAPK/
ERK and the PI3K–AKT–mTOR pathways. In all PDXs, protein
expression levels of total AKT or ERKwere not significantly altered
by treatment with BGJ398 (Fig. 4C). We observed a reduction in
the levels of c-myc and phosphorylated AKT (pAKT) in BGJ398-
sensitive PDX 788 after treatment, whereas decreased expression
of phosphorylated ERK (pERK) was detected in PDX 926 (Fig.
4C). There was no change in expression levels of c-myc, pAKT, or
pERK in inhibitor resistant PDX 792. These data suggest that
inhibition of eitherMAPK/ERK or PI3K/AKT is responsible for the
delayed tumor growth mediated by BGJ398. To test whether
blockade of PI3K/AKT/mTOR could potentiate the activity of
FGFR inhibitors, we treated PDXs 788 and 926 (FGFRi-sensitive)
with PKI587, a PI3K/mTOR dual inhibitor (34), alone or in
combination with BGJ398. PKI587 had no effect as a single agent
or in combination with BGJ398 in PDX 788. However, a survival
advantage was observed with PKI587 alone, similar to BGJ398
single-agent therapy, in PDX 926 (Fig. 5A and B), a PDX in which
FGFR inhibition did not alter the levels of p-AKT (Fig. 4C).
Combination treatment with PKI587 and BGJ398 in PDX 926
increased mean survival by 19 days compared with single agent
alone (mean survival of 26 days, 24 days, 45 days for PKI587
alone, BGJ398 alone or combination, respectively). Western blot
analysis indicated a dual inhibition of pERK and pAKT with
combination BGJ398/PKI587 treatment in PDX 926, but not
PDX 788, most likely explaining this survival advantage (Fig.
5C). PTEN is a negative regulator of PI3K signaling and loss of
PTEN has been described in 8% of lung SqCC (35). However,
PTEN expression was detected in both PDXs (Supplementary Fig.
S5A). Genomic analysis revealed PIK3CA amplification in PDX
788 but not in 926 (Supplementary Fig. S5B and S5C), consistent
with previous studies showing that PIK3CA amplification did not
predict response to PI3K inhibitors (36). PIK3CAmutations were
not detected in either PDX (Supplementary Fig. S5C). We there-
fore concluded that BGJ398 treatment can block either ERK or
AKT signaling, and that combination of BGJ398 with PI3K inhib-
itor is beneficial only in tumors where FGFR inhibition does not
alter PI3K signaling.

FGFR inhibition combined with cisplatin treatment improves
overall survival in FGFR1-overexpressing tumors

To improve response to FGFR inhibition in further models,
we evaluated the combination of BGJ398 with cisplatin, the
first-line chemotherapy agent for lung SqCC. In vitro treatment
of BGJ398-resistant and sensitive PDXs revealed all tumors
were responsive to cisplatin treatment, although cell viability
was only reduced by 38% to 18% (Fig. 6A and Supplementary
Fig. S6A and S6B). However, only BGJ398-sensitive tumors
cells displayed improved response to dual BGJ398 and cisplat-
in treatment in PDXs and H1581 cell line (Fig. 6A and Sup-
plementary Fig. S6A and S6B). In this short-term culture in
vitro, PDX cells proliferate minimally, explaining the modest
effect of BGJ398, an inhibitor of cell proliferation. In vivo
treatment further confirmed a marked improvement in overall
survival in FGFR1-RNA-expressing, BGJ398-sensitive tumors
with combination therapy (Fig. 6B), whereas no such survival
benefit of combination therapy was observed in BGJ398-resis-
tant tumors (Supplementary Fig. S6C). Immunostaining of
PDX tumors with Ki67 revealed that cisplatin treatment
reduced cell proliferation in PDX 926 and increased cell death
in PDX 788 (Fig. 6C and D). However, only combination
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therapy resulted in robust increases in CC3 positive cells in
both PDXs, indicating that cisplatin enhances the potency of
BGJ398 by increasing tumor cell death. We suggest that block-
ing growth signaling through FGFR1 inhibition (BGJ398) and
induction of DNA damage by an agent interfering with DNA
replication (cisplatin) drives tumor cell apoptosis to result in
improved overall survival.

Discussion
Weestablished abankofNSCLCPDXs from lung cancer surgery

and trans-bronchial aspiration (TBNA) EBUS-guided biopsy spe-
cimens. In concordance with previous groups, we found SqCCs
engraft more readily than ADCs and that more aggressive tumors
generate PDXs with greater efficiency (37–40). We observed that
samples obtained from EBUS biopsies of metastatic lymph nodes
containing higher grade tumors grewmore efficiently inmice than
those established from early-stage carcinomas obtained by sur-
gical resections. Use of these clinically relevant PDXs enabled us to
identify FGFR1 RNA expression as a predictor of response to a

FGFR tyrosine kinase inhibitor. In addition,wedemonstrated that
treatmentwith cisplatin improved response to FGFR inhibitors by
increasing tumor cell death, as opposed to the tumor cell growth
arrest observed in tumors treated with the FGFR inhibitor alone.

A possible concern when using PDXs is that substantial selec-
tion events could occur during establishment andmaintenance of
the PDX, which could dramatically alter the molecular compo-
sition of the PDX and render it nonrepresentative of the original
tumor (41). Detailed molecular characterization of our cohort of
SqCC PDXs demonstrated that lung SqCC PDXs preserve gene
expression, copy number, and mutational landscapes of the
original tumor across all four passages of tumors tested, consistent
with previous studies (42, 43). PDXs displayed molecular com-
plexity and genetic instability to the same extent as patient's SqCC
tumors, further indicating that PDXs are clinically relevantmodels
to evaluate novel therapeutic approaches. Patient tumors show
human immune signature genes that were largely absent in PDX
tumors, accounting for the most DE genes between patient and
PDX tumors. PDXs also had enrichment of tumor specific gene
mutations, possibly due to loss of human stromal elements in the

Figure 4.

FGFR inhibition in sensitive tumors decreases tumor cell proliferation and enhances tumor differentiation. A, Far left panel shows representative H&E for BGJ398-
sensitive PDX 788 or 926 after treatment with BGJ398 for 14 days. Black arrowheads indicate keratin pearls. Middle and right panel shows representative
immunohistochemistry for Ki67 (proliferation) and CC3 (apoptosis), respectively. Tumors collected 48 hours after first BGJ398 treatment of 30 mg/kg. B,
Quantification of Ki67 andCC3 immunostaining for PDXs 788 (left) and 926 (right). Imageswere quantified by first blinding groups and counting Ki67 or CC3 positive
cells in three different fields of view. n¼ 6mice per group, data is mean� SEM. Significance determined by Student t test; � , P <0.05; �� , P <0.01; ��� , P <0.001. Scale
bar, 500 mm. C,Western blot detecting expression levels of c-myc, p-AKT, and p-ERK in FGFR inhibitor-sensitive and inhibitor-resistant SqCC PDXs. Actin serves as
the loading control. Tumors collected after 2 weeks of BGJ398 treatment (14 days at 30 mg/kg by oral gavage). Bottom panel shows quantification of the Western
blots in top panel by densitometry. Data represent mean � SEM, n ¼ 6 mice per treatment. Significance determined by Student t test; � , P < 0.05.

Weeden et al.

Mol Cancer Ther; 16(8) August 2017 Molecular Cancer Therapeutics1618

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/8/1610/1854643/1610.pdf by guest on 19 M
ay 2023



Figure 5.

Combining PI3K inhibitionwith FGFR inhibition increased treatment efficacy in one PDXmodel.A andB, In vivo response of PDX 788 (A) and PDX 926 (B) to the FGFR
inhibitor BGJ398 (30mg/kg oral gavage 5 days aweek for 5 weeks), PI3K inhibitor PKI587 (15 mg/kg i.v. onceweekly for 5 weeks) or in combination. Left panel shows
tumor volume after beginning of treatment, right panel shows Kaplan–Meier survival curve. Data represents mean � SEM, n ¼ 7–8 mice per treatment. Significance
determined byMantel–Cox test; � , P < 0.05; �� , P < 0.01. C, RepresentativeWestern blot analysis showing the expression of p-AKT, AKT, p-ERK, ERK in tumors treated
with BGJ398 and PKI587 as single agents or in combination. Tumors collected at ethical end point. Bottom panel shows quantification of the Western blots by
densitometry. Data represent mean � SEM, n ¼ 8 mice per treatment. Significance determined by Student t test; � , P < 0.05; �� , P < 0.01.
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resultant mouse tumors which tend to have a paucity of stroma
(33, 44). PDXs therefore represented a renewable source of tumor
material that recapitulate the complexity of the human tumors.
Detailed molecular characterization of PDXs facilitates correla-
tion between response to therapy and molecular features of the
tumor.

FGFR1 amplification was observed in 6 of 36 SqCC PDXs, as
detected by FISH and supported by SNP data, but did not always
correlate with BGJ398 response, consistent with previous reports
(13, 14) and results from phase I clinical trial studies (12). High
levels of FGFR1 RNA expression,MYC overexpression, and 11q13
locus amplification that contains CCND1, FGF4, and FGF19 have
been suggested as better biomarkers of response to FGFR inhibi-
tors (6, 13, 14). However, we did not observe correlation between
CCND1 amplification or MYC expression and sensitivity to FGFR
inhibition in our PDX samples. In contrast, we observed that
FGFR1RNAexpression predicted response to therapy as suggested
by Wynes and colleagues, in a study using lung cancer cell lines
(13). Our results confirm these data using clinically relevant PDX
models and amore specific FGFR inhibitor. In our PDX cohort, an

independent tissue microarray cohort and the TCGA SqCC
cohort, we observed that FGFR1ampFGFR1 RNAlo patients who
may not respond to therapy are common, as are FGFR1WTFGFR1
RNAþþþ patients who may benefit from FGFR inhibition and
whowould otherwise not enter clinical trials. The identification of
FGFR1 RNAþþþ tumors in other subtypes of lung cancer is also in
agreement with data from other groups (13, 19). It is unknown
thus far what is driving aberrant FGFR1 transcription in the
absence of a FGFR1 amplification, and further investigations into
related microRNAs, transcription factors, or epigenetic regulators
are necessary. Overall, our results demonstrate that stratification
of NSCLC patients based on mRNA expression levels of FGFR1
would be a better approach to select patients for FGFR-targeted
therapy.

Interestingly, high expression levels of FGFR1 did not predict
patient outcome, similar to data derived from patients with
FGFR1 amplifications (45, 46). This observationmay suggest that
FGFR1 is not the only driver of tumor growth in FGFR1-over-
expressing tumors and that FGFR inhibitors should be combined
with targeted therapy or chemotherapy to improve efficacy.

Figure 6.

Combining cisplatin treatment with FGFR inhibition increases survival. A, In vitro cell viability of PDX cells cultured for 72 hours in the presence of cisplatin (5 mmol/L),
BGJ398 (1 mmol/L), or the combination. Data represents mean � SEM, n ¼ 3 (PDX 788), and n ¼ 6 (PDX 926) tumors per group. Significance determined by
Student t test between DMSO control and single-agent treatment group; or between BGJ398 single-agent and combination treatment.B, Combination FGFR inhibitor
(BGJ398, 30mg/kg, 5 days aweek for 5weeks) and cisplatin therapy (4mg/kg every 3weeks) in PDX 788 andPDX926, demonstrating a significant survival benefit of
combination treatment compared to single-agent therapy in FGFRi-sensitive PDXs. Top panel shows tumor volume after beginning of treatment, bottom panel shows
Kaplan–Meier survival curve. n¼ 8–9mice pergroup, significancedeterminedbyMantel–Cox test. �� ,P<0.01; ��� ,P<0.001.C, Immunostaining for Ki67 andCC3 inPDX
788 and PDX 926 treated with BGJ398 (30 mg/kg per day), cisplatin (4 mg/kg once), or the combination. Tumors collected 48 hours after first treatment. D,
Quantificationof theKi67andCC3 immunostaining forPDXs788(left) and926(right). Imageswerequantifiedbyfirstblindinggroups and countingKi67orCC3positive
cells in three different fields of view. n ¼ 6 mice per group, data are mean � SEM. Significance determined by Student t test. Scale bar, 500 mm.
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Inhibitor-sensitive FGFR1þþþ PDX 926 displayed reduced
pERK protein expression upon BGJ398 treatment. In contrast,
FGFR1amp PDX 788 had no reduction in pERK but decreased
levels of pAKT and c-MYC after treatment with BGJ398. It is
unknown if the distinct mechanisms of FGFR1 activation or if
other aberrantly activated kinases are causing the differing down-
streameffects of FGFR inhibition inPDXs 788and926 and further
experiments would be necessary to investigate such conclusions.
Using two FGFRi-sensitive lung cancer cell lines, Singleton and
colleagues suggested that combination therapywithmTOR inhib-
itor AZD2014 and FGFR inhibitor AZD4547 improved response
compared to single agents (47). However, we observed response
to FGFR inhibitor andPI3K/mTOR inhibitor combination only in
PDX926, a tumorwith strongAKTactivity thatwas not reducedby
treatment with BGJ398 alone. These results indicate that this
combination may not be relevant for all patients with FGFR1-
overexpressing tumors and identification of the right biomarkers
will be necessary to predict response to FGFR/PI3K/mTOR ther-
apy. Amplification of PIK3CA was not a predictor of response to
PI3K/mTOR inhibitor or combination therapy, consistent with
previous studies (36). We also observed that FGFR inhibition
resulted in reduced cell proliferation, enhanced cell differentia-
tion, and caused amodest increase in cell apoptosis. This suggests
FGFR1-addicted tumors may continue to grow on cessation of
FGFR therapy, and combination therapies may be necessary to
drive tumor cell death as opposed to tumor cell growth arrest. To
increase cell death, we combined BGJ398 with cisplatin, the first-
line chemotherapy agent for SqCC. Combination therapy
increased cell death and prolonged survival, indicating that
patients with FGFR1-overexpressing tumors may benefit from
complementing first-line therapy with a FGFR tyrosine kinase
inhibitor. Themechanism responsible for the increased cell death
observed after FGFR and cisplatin combination treatment
remains to be resolved. Association between genomic instability
and response to DNA damaging agents such as cisplatin has been
proposed in other tumor models such as pancreatic (48) and
ovarian cancers (49). However, such a correlation could not be
drawn fromour PDX cohort due to all PDXspossessing high levels
of genetic instability, and would require analysis of a larger
number of samples to be conclusive.

In conclusion, we have established a bank of NSCLC PDXs that
recapitulated the patient's tumors at the phenotypic and molec-
ular level. We used these PDXs to identify high FGFR1 RNA
expression as a biomarker of response to FGFR inhibition. Fur-
thermore, FGFR1 RNA overexpression can easily be detected in
small biopsy specimens by RNA ISH, indicating that this is a
potentially clinically relevant biomarker. Finally we show that

combination therapy with a FGFR tyrosine kinase inhibitor and
cisplatin reduced tumor growth by decreasing cell proliferation
and increasing cell death. Our study demonstrates the power of
PDXmodels for dissecting complexmolecular events behind drug
sensitivity and the ability to use these models to identify appro-
priate biomarkers of response to targeted therapy.
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